Although amorphous silica is used in food products, cosmetics and paints and as vector for drug delivery, data on its potential health hazard are limited. The aim of this study was to investigate the cytotoxic and genotoxic potential of silica particles of different sizes (250 and 500 nm) and structures (dense and mesoporous). Dense silica (DS) spheres were prepared by sol-gel synthesis, mesoporous silica particles (MCM-41) were prepared using hexadecyltrimethylammonium bromide as a structure-directing agent and tetraethylorthosilicate as silica source. Particles were accurately characterised by dynamic light scattering, nitrogen adsorption, X-ray diffraction and field emission scanning electron microscopy. Murine macrophages (RAW264.7) and human epithelial lung (A549) cell lines were selected for investigation. Genotoxicity was evaluated by Comet assay and micronucleus test. Cytotoxicity was tested by the trypan blue method. Cells were treated with 0, 5, 10, 20, 40 and 80 µg/cm 2 of different silica powders for 4 and 24 h. The intracellular localisation of silica was investigated by transmission electron microscopy. Amorphous particles penetrated into the cells, being compartmentalised within endocytic vacuoles. DS and MCM-41 particles induced cytotoxic and genotoxic effects in A549 and RAW264.7 although to different extent in the two cell lines. A549 were resistant in terms of cell viability, but showed a generalised induction of DNA strand breaks. RAW264.7 were susceptible to amorphous silica exposure, exhibiting both cytotoxic and genotoxic responses as DNA strand breaks and chromosomal alterations. The cytotoxic response of RAW264.7 was particularly relevant after MCM-41 exposure. The genotoxicity of amorphous silica highlights the need for a proper assessment of its potential hazard for human health.
Introduction
Health hazards associated with exposure to crystalline silica are well established. Indeed, fibrous and particulate forms of silica were recognised as responsible for the pathogenesis of silicosis and mesothelioma since the early 20th century. The IARC (1) classified quartz, cristobalite and tridymite as carcinogenic to humans. On the other hand, the toxicity of the amorphous silica powders composed of microsized and nanosized particles has not been equally investigated in depth (1) although Ghiazza et al. (2) has pointed out recently that lack of crystallinity does not guarantee that they are harmless. In spite of this uncertainty, amorphous silica is a Food and Drug Administrationapproved food additive (3) and used in many food products. In recent years, the use of silica nanoparticles (SNPs) has been also extended to biomedical and biotechnological fields such as cancer therapy(4), drug delivery (5), enzyme immobilisation (6) and DNA delivery (7, 8) .
Dimension is generally believed a crucial factor in toxicity, with nanosized amorphous silica particles being considered more toxic than microsized ones; however, Karlsson et al. (9) demonstrated that nanosized particles do not necessarily induce a stronger response in terms of cytotoxicity and DNA damage compared with their microsized counterparts. Exposure to silica at microscale level is associated with the development of several autoimmune diseases, including systemic sclerosis, rheumatoid arthritis, lupus and chronic renal disease (1) . Moreover, most of engineered SNPs used in many applications actually occur as micrometre aggregates (10) . Besides dimension, surface area, roughness and porosity [<2-nm diameter (microporous); 2-50 nm (mesoporous); >50 nm (macroporous)] have been correlated with cell damage induced by exposure to silica particles (11) . However, the effect of specific particle parameter is largely dependent on the cell type exposed.
Genotoxicity evaluation is crucial for the assessment of the health hazard due to silica exposure as DNA damage is associated with cancer. The aim of the present in vitro study was to evaluate the cytotoxic and genotoxic effects of synthetic amorphous silica particles on human pulmonary epithelial cells (A549) and murine macrophages (RAW264.7), representing occupational and environmental exposure. Lung epithelial cells are relevant when exposure occurs through inhalation of silica dust. Macrophages were included in the study because they interact and actively ingest silica particles deposed in the lung. Amorphous dense silica (DS) spheres and mesoporous particles (MCM-41) were accurately characterised and dosed in two different sizes: 250 and 500 nm. Six increasing doses (0, 5, 10, 20, 40 and 80 µg/cm 2 ) and two exposure times (4 and 24 h) were used. Cytotoxicity was detected by the trypan blue exclusion method; genotoxicity was evaluated in terms of DNA strand breaks (by the Comet assay) and frequency of micronuclei (by the micronucleus test). Uptake of silica particles was evaluated by transmission electron microscopy (TEM).
In light of a paucity of data, the results of the present study might help in reassessing the potential risk associated with exposure to amorphous silica.
Materials and methods
Synthesis of silica particles DS particles were prepared by sol-gel synthesis, following the procedure reported by Van Blaaderen and Kentgens (12) , varying the amount of water in tetraethylorthosilicate (TEOS)/ethanol/ammonia basic solution. The reactant
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Mesoporous silica particles, 250 nm in diameter (MCM-41-250), were prepared according to the procedure reported by Lai et al. (13) , using the hexadecyltrimethylammonium bromide (C 16 TMABr) as the structure-directing agent and TEOS as silica source. Mesoporous silica particles, 500 nm in diameter (MCM-41-500), were prepared according to the procedure reported by Yamada and Yano (14) , using the dodecyltrimethylammonium bromide (C 12 TMABr) as structure-directing agent and tetramethoxysilane (TMOS) as silica source. All the products synthesised were of 99.9% purity.
Characterisation of silica particles
Dynamic light scattering (DLS) was measured (Zetasizer Nano Malvern) in order to assess particle behaviour shortly after dispersion in distilled water and culture medium, at the highest dose. Nitrogen adsorption measurements (BET) at 77 K (Quantachrome Autosorb1) were performed to detect specific surface area. The XRD pattern (X'Pert Philips, CuK 2 radiation) was performed in order to characterise MCM-41 structure. Field emission scanning electron microscopy (Zeiss FESEM Supra 25) was used to better define silica particle shape.
Behaviour of silica particles in medium
Particle behaviour was also tested in exposure medium. DLS measurements were performed to determine the hydrodynamic size of silica particles at 37°C in complete culture medium. DLS measurements were performed on suspension of DS and MCM-41 particles of 250 and 500 nm at a concentration of 80 µg/cm 2 , 4 h after dispersion. Z potential was also measured at the same conditions.
Cell lines and exposure A549 and RAW264.7 were provided by Prof. Lucia Migliore (University of Pisa). A549 were cultured in F12 supplemented with 10% fetal bovine serum (FBS), 1% Pen/Strep and 1% l-Glut at 37°C under a humidified atmosphere of 5% CO 2 /95% air. Confluent cells were detached with trypsin 2.5% for 10 min at 37°C, seeded into 24-well plates and allowed to attach for 24 h. RAW264.7 were cultured in minimal essential medium (MEM) supplemented with 10% FBS, 1% Pen/Strep and 1% L-Glut at 37°C under a humidified atmosphere of 5% CO 2 /95% air. Confluencing cells were detached using a cell scraper, seeded into 6-well plates and allowed to attach for 24 h. Semi-confluent cell lines were treated with 0, 5, 10, 20, 
Cell viability
Before and at the end of the treatments with amorphous silica powders, an aliquot of both exposed and control cells was used for the assessment of cell viability by the trypan blue dye exclusion technique, mixing 0.4% trypan blue solution (Sigma Aldrich) with the cell pellet. Successively, the mixture was smeared on a Bürker chamber, kept for 5 min and scored for white (live) and blue (dead) cells.
Comet assay
The single-cell gel electrophoresis (or Comet assay) was performed according to Singh et al. (15) with slight modifications (16) . Briefly, cell suspensions were embedded in agarose, spread onto microscope slides, lysed (NaCl 2.5 M, Na 2 EDTA 100 mM, Trizma Base 10 mM, 10% dimethylsulphoxide, 1% Triton X-100, pH 10) and kept for at least 1 h at +4°C in the dark. Successively, slides were treated with alkali (NaOH 300 mM, Na 2 EDTA 1 mM, pH >13) and electrophoresed for 20 min at 25 V and 300 mA. After run, slides were neutralised with Tris-HCl (0.4 M, pH 7.5), stained with ethidium bromide and observed under a fluorescence microscope (×400). The percentage of DNA migrated towards the anode (tail DNA) was quantified by an image analyser (Kinetic Imaging Ltd, Komet, Version 5). At least 25 nuclei per slide and two slides per sample were scored, and the mean was calculated. A total of 300 cells were scored for experimental point. Since the control group of each independent experiment performed showed statistically significant different baseline levels of DNA migration, to better evaluate the net effect of each treatment, mean basal values (C) of control A549 and RAW264.7 were subtracted from DNA migration means induced by the treatment (T). The net effect of silica exposure (T − C) was shown in figures and used for statistical analysis (17, 18) . 
Micronucleus test
2 ) of all the tested particles 24 h after seeding. Cytocalasin B (6 mg/ml) (Sigma Aldrich) was added 44 h after seeding. Cells were washed with Hanks' balanced salts solution 72 h after seeding, detached and centrifuged at 1800 rpm for 10 min. Pellets were treated with 1 ml of hypotonic solution (KCl 0.075 M) at 37°C and then with 80 µl of fresh pre-fixative solution (methanol and acetic acid 3:5). Cells were centrifuged at 1800 rpm for 10 min and then pellets were suspended in a fresh and cold (+4°C) fixative solution (methanol and acetic acid 7:1) and kept at +4°C for at least 30 min. After a second fixative step, cells were dropped onto slides and stained with 4% Giemsa. Binucleated cells with micronuclei/1000 binucleated cells for each of the two slides were analysed. Two samples were set up for a total of 4000 cells scored per treatment. Micronuclei were scored according the criteria set by Fenech (19, 20) .
Statistical analysis
Multifactor analysis of variance (MANOVA) was carried out by considering dose, experimental time, culture and experiment as factors. The multiple range test was performed in order to detect differences (P < 0.05) among different experimental groups.
Uptake of silica particles (TEM)
To test particles' internalisation, cells exposed for 48 h were centrifuged, washed to remove powders and treated with Karnovsky fixative (21) for 5 h at 36.4°C, washed in 0.1 M sodium cacodylate solution overnight, postfixed in 1% osmium tetroxide for 2 h in the dark and at room temperature, newly washed with the same solution and dehydrated in ethanol. Samples were pre-embedded in Epon Araldite-propylene oxide 1:1 mixture overnight, followed by pure Epon Araldite for 6 h, then embedded in Epon Araldite at 60°C for 48 h (22) . Ultra-thin sections (70-90 nm) were cut using ultramicrotome Reichert-Jung Ultracut E, collected on 150-mesh formvar carbon-coated copper grids and contrasted with uranyl acetate and lead citrate (23) . Grids were observed at 80 kV with a JEOL 100 SX transmission electron microscope.
Results

Characterisation of silica particles
Values of BET-specific surface area of DS were 11 m 2 /g for DS-250 and 6 m 2 /g for DS-500 ( Figure 1C and F) . Field emission scanning electron microscopy images confirmed that DS-250 and -500 powders were highly homogeneous in terms of particle shape and size (Figure 2A and B) .
MCM-41-250 and -500 showed XRD pattern with typical peaks due to (100), (110) and (200) reflections of the ordered 2D hexagonal mesostructure ( Figure 1A and D) . Nitrogen adsorption/desorption isotherms were type IV for both MCM-41 particles ( Figure 1B and E) . MCM-41-250 exhibited BET-specific surface area of 1000 m 2 /g and pore diameter of 1.6 nm, whereas MCM-41-500 were characterised by 1030 m 2 /g of BET-specific surface area and pore diameter of 2.2 nm.
DLS measured in distilled water exhibited a monodisperse distributions centred around 250 and 500 nm without any evidence of agglomerates for both DS and MCM-41. Field emission scanning electron microscopy confirmed that MCM-41-250 and -500 had a spherical shape, porous surface and a strictly similar diameter ( Figure 2C and D) .
Particle behaviour in media DLS measurements were performed to determine the hydrodynamic size of silica particles at 37°C in complete MEM. Particle behaviour of DS and MCM-41 exhibited a monodisperse pattern at the concentration tested (80 µg/cm 2 ) (Figure 3 ). The polydispersity index was in the range 0.2-0.8 for all measurements, so that for all samples, particles size distribution can be considered monodisperse. Similarly, the Z potential showed limited variation among the different silica particles measuring −10.9, −10.3, 10.0 and 8.6 in DS-250, DS-500, MCM-41-250 and MCM-41-500, respectively.
Cell viability A549
Trypan blue exclusion test showed that cell viability of A549 was always very high, being largely over 92% after exposure to all the particles, doses and times investigated ( Table I ). The only exception occurred in cell culture exposed to the highest MCM-41-250 dose for 4 h, where a more pronounced decrease of cell viability (16%) was observed (Table I) .
RAW264.7
The exposure to amorphous silica induced a decrease of cell viability on RAW264.7 although with marked differences between the four particles investigated (Table II) 
2 ) after 24 h of exposure. Unlikely, the exposure to both 250-and 500-nm MCM-41 led to a pronounced decrease in cell viability, showing a dose-response trend at least after 4 h of exposure to MCM-41-250 (Table II) . The relationship between MCM-41-250 doses and cytotoxic effect was particularly evident; indeed, a moderately strong correlation was found between doses and cell viability in RAW264.7 (P < 0.0001; correlation coefficient (c.c.) −0.62; F 85.72) (Figure 4) .
Comet assay A549
A generalised increase in DNA strand breaks was observed in A549 after exposure to the different particle types, doses and times. However, statistically significant increases of DNA damage were scattered, with the exception of two cases (DS-250 at 4 h and DS-500 at 24 h) where almost all the concentrations tested were effective although without any clear dose-response trend ( Figure 5 ).
RAW264.7
The marked cytotoxic effect of amorphous silica on RAW264.7 (Table II) influenced Comet data; thus, only results associated with a cell viability higher than 80% were considered for the assessment of genotoxicity ( Figure 6 ). MANOVA revealed that significant induction of DNA damage was very limited after 4 h of exposure, occurring only in cells treated with 10 µg/cm 2 DS-500 and 5 µg/cm 2 MCM-41-250 ( Figure 6 ). DNA damage was more pronounced after 24 h of exposure, with a significant induction of DNA strand breaks at most doses in both DS and MCM-41 (250 and 500 nm) exposed RAW264.7. A significant increase in DNA migration after 24 h of exposure to DS-250 occurred in highly viable cells ( Figure 6 and Table II) . However, it cannot be completely ruled out that at least part of DNA strand breaks shown by RAW264.7 were a consequence of cell death.
Micronucleus test A549
The potential effect of amorphous silica at chromosomal level was detected by the micronucleus test. No statistically significant increase in micronucleated cell frequency was observed in A549 treated with all the doses and particle types (Table III) .
RAW264.7
DS-250-exposed RAW264.7 showed a statistically significant increase in MN at the three highest doses (20, 40 and 80 µg/ cm 2 ) with respect to controls (Table III) . However, the marked cytotoxicity of DS-500 and MCM-41 (both 250 and 500 nm) on RAW264.7 affected the availability of viable cells at the highest doses. A positive correlation between the total powder surface and the frequency of micronucleated DS-250-treated cells (P = 0.01; c.c. 0.54; r 2 = 29.58) was also detected (Figure 7 ).
Cell uptake TEM revealed that amorphous silica entered the exposed cells, after 48-h exposure, regardless of particle structure (Figure 8 ). Particles were located within membrane bound large vacuoles, supposed to be the result of active endocytosis, both in A549 and RAW264.7. Silica particles were never seen inside the nucleus.
Discussion
The present study demonstrates that amorphous silica submicrometric particles induce cytotoxic and genotoxic effects in A549 and RAW264.7 although with different sensitivities between the two cell lines. A549 were resistant, in terms of cell viability, to silica exposure but showed a generalised Values are means ± standard deviation. *Statistically significant differences (P < 0.05) with respect to controls. Values are means ± standard deviation. *Statistically significant differences (P < 0.05) with respect to controls. induction of DNA strand breaks, although never arranged in a dose-response trend. The almost complete absence of cell toxicity in the entire dose range investigated allows us to exclude the possibility of DNA damage being consequent to cell death and strengthen the evidence of a genotoxic effect induced by DS and MCM-41 particles of both size on A549. However, in the absence of a dose-response trend, we cannot exclude that experimental factors might have partially modulated Comet results. DNA strand breaks did not prelude to chromosome alterations, indicating different sensitivity of the two tests or efficient DNA repair of primary DNA damage in A549 cells.
Our results contradict some previous data, which did not detect any genotoxic increase of DNA damage in A549 (24,25) and enhancement of 8-hydroxy-2-deoxy guanosine concentration (26) after exposure to amorphous silica. Similarly, Barnes et al. (10) reported no detectable damage evaluated by Comet assay in murine fibroblasts treated with nanometric and sub-micrometric particles. Because important experimental details such as pH and duration of the electrophoresis were not reported, comparison of the results is difficult (27) and thus might account for differences in results. The high tolerance of A549 was supposed to be related to their p53 and caspase-3 proficiency, which is associated with the ability to activate apoptotic processes (25) . Indeed, the Comet assay is unable to detect apoptotic cells, thus underestimating DNA damage in the presence of a marked induction of programmed cell death (27) . Otherwise, RAW264.7 were susceptible to amorphous silica exposure, exhibiting both cytotoxic and genotoxic responses. Cytotoxicity in RAW264.7 occurred at most experimental conditions, except after 4 and 24 h of DS-250 exposure. Taking into account that cytotoxicity interferes with the assessment of DNA strand breaks, all data with cell viability below 80% were excluded from genotoxicity assessment. Selected data demonstrated a clear genotoxic effect in DS-250-exposed cells after 24 h in the absence of cytotoxicity. Statistically significant increase in DNA migration also occurred after 24 h of exposure to DS-500 and MCM-41; however, in these cases, it cannot be excluded that DNA strand breaks were, at least partly, a consequence of cell death. The genotoxic potential of DS-250 on RAW264.7 was not limited to DNA strand breaks but also involved chromosomal level changes. Gonzalez et al. (28) reported a positive correlation between the increase in micronuclei and the surface area of the amorphous SNPs, although in the presence of a weak and not significant induction of micronuclei, suggesting the total surface area to be a critical parameter in eliciting cell response. This evidence is strengthened by our data, where a statistically significant positive correlation between the total surface area of DS-250 and the frequency of micronucleated cells was also demonstrated in RAW264.7. In addition, a micronuclei induction was also found by Park et al. (29) in 3T3-L1 treated with amorphous SNPs (34 nm). However, in our study, DS-250 induced an increase in micronuclei in RAW264.7, whereas exposure to DS-500, MCM-41-250 and MCM-41-500 resulted in cytotoxicity in a dose range comparable to the one used by Park et al. This might be due to different culture conditions (cell culture wells, cell density, incubation times and cell types) and/or experimental protocols. Indeed, while in our study, cells were exposed to silica for 24 h before cytochalasin B was added and then harvested 72 h after seeding (30), Park et al. (29) added cytochalasin B along with SNPs (24 h of treatment) and then harvested the cells at 48 h.
In the present study, both dense and mesoporous particles were internalised into the cells, being compartmentalised within large endocytic vacuoles in both the cell lines investigated. Cellular uptake of silica particles through endocytosis is a common feature among cells exposed in vitro, also reported for rat macrophages, human keratinocytes, mouse embryonic stem cells and L1 mouse fibroblasts (24, 29, 31, 32) . The intracellular distribution of silica particles never involved the nucleus, supporting the hypothesis that the genotoxic effects of silica are not the consequence of a direct interaction between the particles and DNA, but are rather mediated by an indirect mechanism (29) . In addition, it can be stated that mechanical hindrance can indirectly damage DNA by affecting microtubules, as well as protein transportation and DNA repair processes (33) . The micro-morphological characteristics of mesoporous structure of MCM-41 might be hypothesised as responsible for high cell mortality induced in RAW264.7 (34) . The authors of these studies emphasised that mesoporous silica shares some superficial characteristics with quartz, such as the presence of acute edges on the particle surface, thought to be responsible for reactive oxygen species-mediated cytotoxicity. However, the mesoporous structure of MCM-41 per se is not responsible for cell toxicity in neuroblastoma cells; indeed, the functionalisation of MCM-41 by the adsorption of mercaptopropyl and aminopropyl groups reduces cytotoxicity to the values observed after dense sphere treatment (34) . Specific characteristics like diameter, surface area, roughness and micropore volume of amorphous silica particles have been found to have different impact on cell viability, depending on the cell types selected for the exposure (11, 35) .
In conclusion, this in vitro study demonstrates that the exposure to amorphous silica particles induces cytotoxic and genotoxic effects although to different extents according to cell type and particle structure. Human pulmonary epithelial cells (A549) were remarkably resistant in terms of DNA effects in the Comet assay. On the other hand, murine macrophages (RAW264.7) were prone to amorphous silica, exhibiting a generalised increase in DNA strand breaks and chromosomal alteration, partially associated with marked cytotoxicity. In light of the ever increasing use of amorphous silica in many products RAW264.7 were exposed to the different powders in different experiments (each including MMC positive control), and A549 were exposed to all the powders in the same experiment with a unique positive control. *Statistically significant differences (P < 0.05) with respect to controls. Data not reported are related to high toxicity levels. intended for human use, this study helps in understanding the potential health hazards associated with these materials better. 
